Abstract : Necrotic enteritis (NE) caused by Clostridium (C.) perfringens commonly occurs in domestic broiler farms since antibiotic supplementation in poultry feed has been banned. We evaluated the antibacterial activities of medicinal plant extracts against C. perfringens isolates to select alternative compounds for preventing NE. We compared antibacterial activities using two methods and evaluated susceptibilities of the isolates based on minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). Two (Fraxinus rhynchophylla Hance [FRH] and Geranium koreanum Kom.
Introduction
Clostridium (C.) perfringens causes a variety of economically significant diseases in the broiler industry [28] but other bacterial diseases as well as C. perfringens are controlled with antibiotics. The intestinal microflora inhabiting the chicken digestive track has inevitably changed since the ban on antibiotic use in poultry feed, which has increased the prevalence of health problems in chicken flocks, particularly disease caused by C. perfringens, the causative agent of necrotic enteritis (NE) in broiler chickens [13] . The occurrence of necrotic lesions in the small intestine is associated with proliferation of C. perfringens and thus might result in more severe lesions [22] . NE commonly occurs in broiler chicken about 4 weeks after hatching and is found in all poultry production facilities worldwide [2, 30] . Many prophylactic agents, such as probiotic, prebiotic, mineral, and plant extracts made of various materials, have been used on poultry farms to prevent NE. However, these agents are being released without results from in vitro and in vivo experiments; the antimicrobial activities against C. perfringens strains and the treatment effects of these products have not properly evaluated in an animal disease model.
Fraxinus rhynchophylla Hance is a tree in the Lamiales family. It is commonly known as Korean ash and is widely cultivated throughout Asia, Europe, and North America. The stem bark of F. rhynchophylla Hance has been used as an oriental medicine for various diseases, including shigellosis, enteritis, diarrhea, and conjunctivitis [8, 14] . The phytochemical components of the F. rhynchophylla Hance bark consist of daucosterol, caffeic acid, 6,8-dihydroxy-7-methoxycoumarin, and conifer aldehyde glucoside [32] . Of these, caffeic acid has superior pharmacological efficacy as well as antiviral, antioxidant, antimicrobial, and anti-inflammatory activities. Coumarin compounds protect against fungi and bacteria [3, 25] .
Geranium koreanum Kom. is a herbaceous plant in the Geraniaceae family that grows throughout the Korean penin-*Corresponding author Tel: +82-63-850-0945, Fax: +82-63-858-9155 E-mail: hkjang@jbnu.ac.kr sula and northeast China. Similar to F. rhynchophylla Hance, G. koreanum Kom. has been traditionally used as a Chinese herbal medicine to treat various diseases, such as itching, bruising, shigellosis, enteritis, and chronic diarrhea. G. koreanum Kom. contains widely known chemicals, such as tannins, quercetin, succinic acid, and gallic acid in the hay. Few studies have evaluated the antimicrobial activities of these plant extracts against clinical pathogens. The main objectives of this study were to investigate the in vitro antibacterial activity of F. rhynchophylla Hance and G. koreanum Kom. against C. perfringens strains isolated from broiler chickens with NE and to examine their practicality as feed additives in the poultry industry.
Materials and Methods
Strain collection, identification, and clostridial toxin genes Our laboratory performs primary avian disease diagnoses as an animal disease diagnostic institute approved from the Ministry of Agriculture, Food, and Rural Affairs. Commercial chickens with various clinical signs are transferred from poultry farms to our diagnostic laboratory. C. perfringens was isolated from a chicken with suspected small intestinal NE by necropsy. Briefly, swab samples of the internal organs (liver and small intestine) were streaked on blood agar plates and incubated at 37 o C under anaerobic conditions for 18 h to isolate C. perfringens. Beta hemolytic colonies growing on the medium were purified on the Clostridium-selective medium Shahidi-Ferguson Perfringens (SFP) agar enriched with 50% egg yolk (w/v), 30,000 units/L polymyxin B sulfate, and 12 mg/L kanamycin (Becton, Dickinson and Company, USA). The C. perfringens strains were identified and the toxins were typed by multiplex polymerase chain reaction (PCR) using five previously described toxin gene primer sets (cpa, cpb, etx, iap, and cpe) [31] . C. perfringens ATCC 13124 was used as the positive control to identify the field strains.
Preparation of the plant extracts Thirty wild plants, collected from Gangwon and Gyeonggi provinces on the Korean peninsula during 2011~2012, were dried in a dark at room temperature and ground to a fine powder. The powder was mixed with 95% ethanol and stirred with a magnetic stirrer for 24 h at room temperature. After removing the residue by funnel filtration using filter paper, the mixed solutions were concentrated using a rotary vacuum evaporator (EYELA N-21NS; Tokyo Rikakikai, Japan), and the samples were dried in a lyophilizer (PVTFD 10R; Ilshin Biobase, Korea). Ten g of dried powder was suspended in 100 mL of sterile deionized water and vortexed vigorously for 10 min at room temperature. After filtration through a 0.45 µm syringe filter (Minisart; Sartorius Stedim Biotech, Germany), the solvents were stored at 4 o C [18] . The paper disc diffusion and modified spot-on-lawn assays were conducted with 10% filtered plant water extract to select the plant extract exhibiting a strong inhibitory effect against C. perfringens. The paper disc diffusion and the modified spoton-lawn assays were conducted by measuring inhibition zones around paper discs and clear inhibition zones of the dropped plant extract on culture medium, respectively.
Comparative study to screen the plant extract with antibacterial potential
We applied two methods to more efficiently select the plant extract with antibacterial potential against C. perfringens. First, the paper disc diffusion assay was conducted as described by the Clinical and Laboratory Standards Institute (CLSI) [5] . Approximately 10 5 colony forming units/mL bacterial culture refreshed in Mueller-Hinton (MH) broth (Becton, Dickinson and Company) were lawned onto MH agar (Becton, Dickinson and Company) using a sterile swab. Six mm sterile paper discs (Advantec, Japan) were placed on the inoculated medium, and 10 µL of serially diluted (0.125~4%, v/v) plant water extract in sterile deionized water was dropped onto each disc using a micropipette. A 10 µg ampicillin disc (Becton, Dickinson and Company) and deionized distilled water were used as positive and negative controls, respectively. The plant extract concentration ranges were set arbitrarily to compare the two experiments. Second, the spoton-lawn assay was used as described previously [12] with a slight modification. Briefly, 1 mL bacterial culture refreshed in MH broth was dropped to moisten the cultures on MH agar, and the remaining cultures were removed and placed in medium to dry for 10 min on a clean bench. A 10 µL aliquot of each extract was spotted at regular intervals onto this lawn using the same concentration ranges as described above, and incubated at 37 o C under anaerobic conditions for 18 h.
MICs and MBCs
MICs and MBCs were evaluated using a CLSI method [5] to determine the antimicrobial susceptibility of the two plant extracts. The MIC is the smallest concentration of an antibacterial agent that will inhibit growth of bacteria after an overnight incubation, and the MBC is the smallest concentration of antimicrobial that prevents growth of bacteria after subculture on antibiotic-free medium. MICs are used to determine in vitro activity of new antimicrobial or natural antibiotic materials. The two plant extracts were incorporated into MH agar plates containing double dilutions of the plant extracts at concentrations of 16~8,192 µg/mL. The bacterial cultures that were refreshed in MH broth were dropped on the MIC medium containing the plant extract using Steers multiple inoculator apparatus, and the media were incubated at 37 o C for 18 h under anaerobic conditions. The MBC test was performed to determine bactericidal activity. Briefly, 100 µL of plant extract was added to a 96-well microplate containing two-fold serial dilutions from 64 to 4,096 µg/mL. Two mL of C. perfringens inoculum was centrifuged for 10 min at 3,300 × g, and the supernatant was removed and suspended with an equal volume of 2× MH broth. Optical density at 600 nm was adjusted to 0.3. The inoculum was added to a 96-well microplate containing 100 µL of diluted plant extract and incubated at 37 
Results
Identifying the plant extract with outstanding antibacterial activity
The antibacterial activities of the 30 plant ethanol extracts against C. perfringens ATCC 13124 were determined using the paper disc diffusion and the modified spot-on-lawn assays ( Table 1) . The inhibition zones shown by the paper disc diffusion assay were 6~10 mm, and the inhibitory effect was evaluated by diffusion diameter. Differences in the clear inhibition zones caused by the plant extracts on culture medium Each plant water extract (10%) was loaded on a paper disc and agar medium, respectively. ‡ Blank disc zone diameters: 6 mm, −; > 6 to < 7 mm, +; ≥ 7 to < 9 mm, ++; ≥ 9 mm, +++. § No inhibition zone, −; low zone of inhibition, +; strong zone of inhibition, +++. B: bark, F: flower, L: leaf, LS: leaf and stem, LSF: leaf, stem, and flower, R: root.
were macroscopically observed using the modified spot-onlawn assay. Eleven plant water extracts showed antibacterial activities in two experiments. Of these, two medicinal plant extracts (F. rhynchophylla Hance and G. koreanum Kom.) had strong inhibitory effects against C. perfringens ATCC 13124 compared with that of the other plant extracts (Table 1) .
Useful technique for analyzing antimicrobial activity A comparative study was conducted to evaluate the antibacterial activity of F. rhynchophylla Hance against four C. perfringens strains using the paper disc diffusion assay in the range 0.0625~4% at a double diluted concentration of plant water extract. The modified spot-on-lawn assay was used at 0.125~4% (Fig. 1) . The paper disc diffusion assay showed inhibitory effects of 1~3 mm with 2% and 4% plant water extracts dropped on the growth medium, whereas the minimum inhibitory effect in the modified spot-on-lawn assay was 0.5 or 1.0% based on the size of the clear zones of the tested strains. Accordingly, we selected the optimal method for evaluating antibacterial activity between the two experiments.
Antimicrobial activity against chicken NE strains Twenty C. perfringens strains were collected from domestic broiler chickens with NE at 12 farms in three provinces (Jeonbuk, Jeonnam, and Chungbuk) of South Korea during 2013. Most of these isolates, except one, had the cpa and cpb2 genes, as determined by multiplex PCR, and were named C. perfringens Type A (Table 2 ). These strains were applied to the antimicrobial susceptibility tests to determine the MIC and MBC values. MIC values of the F. rhynchophylla Hance and G. koreanum Kom. extracts were 128~256 µg/mL and 32~128 µg/mL, respectively. The geometric mean MIC values of the two extracts were 147.2 µg/mL and 68.8 µg/mL, respectively. The MBCs of the two extracts were 1,024~2,048 µg/mL and 256~1,024 µg/mL, respectively. The geometric mean MBC values of the two extracts were 1,382.4 µg/mL and 716.8 µg/mL, respectively. The geometric mean MIC and MBC values against the G. koreanum Kom. extract was about two-fold lower compared to those of the F. rhynchophylla Hance extract (Table 2 ). MIC and MBC values against the C. perfringens Type A strain ATCC 13124 producing alpha toxin (CPA), ATCC 12916 producing enterotoxin (CPE), and C. perfringens ATCC 3628 Type C strain also with the cpa gene showed similar antibacterial effects and were consistent with the wild-type strains tested. The geometric MBC value against the wild-type C. perfringens strains was more than three-fold higher than the geometric MIC value. Fig. 1 . Antibacterial activities of Fraxinus rhynchophylla Hance against Clostridium perfringens ATCC 13124 and three clinical strains using two methods. Paper disc diffusion assay (top): Bacterial inoculums were lawned onto MH agar using a sterile swab. Six mm sterilized paper discs were placed on the inoculated medium, and 10 µL of the plant water extract serially diluted from 0.125 to 4% (v/v) was dropped on each disc. A 10 µg ampicillin disc (AM10) and deionized distilled water were used as positive and negative controls, respectively. The modified spot-on-lawn assay (bottom): One mL of bacterial culture was dropped to moisten the cultures on MH agar and the remaining inocula were removed and placed in medium to dry for 10 min on a clean bench. Ten µL of each serially diluted plant extract was spotted on MH agar and incubated at 37 o C under anaerobic conditions for 18 h.
Discussion
We compared the antibacterial activities of plant extracts using two experiments, paper disc diffusion and modified spot-on lawn assays. We confirmed that the modified spoton-lawn assay is a practical tool for screening potential antibacterial effects of plant water extracts against bacteria. Some reports show that the method used to determine antibacterial activity can produce different results from a variety of substances or their concentrations [16, 17] . These two experiments have been commonly used as a useful way to evaluate antibacterial effects against pathogenic bacteria isolated from humans and animals with clinical signs. The inhibitory effect indicated by the paper disc diffusion assay is also used to calculate the antibacterial activities of various materials, such as antibacterial substances from lactic acid, herbal extracts, chemical compounds, and antimicrobial peptides against clinically important bacteria [19, 24, 27, 29, 33] . However, this method is not extremely effective for evaluating concentrations of a substance required in comparison with the spot-on-lawn assay. Recent studies suggest that the spot-on-lawn assay is a practical and suitable technique to evaluate antibacterial activities of various materials. The spot-on-lawn assay is more reproducible, rapid, and easier to score than those of other methods and is superior to other methods in studies of three bacteriocin-producing strains against a large panel of food borne pathogens [16, 29] . In the present study, the modified spot-on-lawn method, which is very simple to observe with the naked eye, was used to identify the inhibition zones at various concentrations of a substance, and was useful to evaluate the in vitro inhibitory effect against pathogenic strains from plant water extracts.
Antibiotics have been used as feed additives with a bactericidal effect on livestock farms for the last century. Since the South Korea ban on antibiotic feed additives in 2011, research and development of natural materials or synthetic compounds are proceeding to prevent and treat animal diseases. However, opportunistic pathogens inhabiting the chicken digestive tract have caused significant damage to the poultry industry through representative gastrointestinal diseases, such as NE by C. perfringens, coccidiosis by Eimeria spp., and co-infection with C. perfringens and Eimeria spp. Control of chicken diseases resulting from Eimeria infection on poultry farms has been studied using various herbal extracts (green tea-based diets, Galla rhois, Dichroa febrifuga Lour., Moringa oleifera, and Morinda lucida) [6, 15, 20, 21, 34] . Furthermore, Eimeria-infected chickens supplemented with natural herbal extracts show improvement in oocyst excretion, body weight, fecal scores, bloody diarrhea, and intestinal lesions. Unfortunately, Chinese medicinal plants or wild plant extracts with antibacterial effects against C. perfringens causing necrohemorrhagic enteritis in animals and humans are almost unknown. An extract of F. rhynchophylla Hance bark has antimicrobial activities against Staphylococcus aureus, Shigella dysenteriae, and nine food-poisoning pathogens except C. perfringens [9] . Our results show that the antibacterial activities of plant extracts from F. rhynchophylla Hance and G. koreanum Kom. against C. perfringens strains isolated from domestic commercial chickens with clinical NE were highly effective. The pharmacological actions and antioxidant activities of F. rhynchophylla bark and leaves have been studied [8, 23] , but G. koreanum Kom. is little known for its antibacterial activity or relevant properties. Several studies have demonstrated that essential oils isolated from Geranium macrorrhizum and Pelargonium graveolens (family Geraniaceae) have high antimicrobial potential against of Bacillus subtilis, Pseudomonas aeruginosa, and S. aureus strains [1, 7] . A recent South Korean study (PJ907105) demonstrated that a G. koreanum Kom. extract highly inhibits growth of C. perfringens. Furthermore, proliferation of Bifidobacterium bifidum, which is a beneficial intestinal bacterium, increased > 20% in an in vitro assay [11] . Therefore, we used plant extracts instead of antibiotics to determine MIC and MBC values. Thus, we verified the antibacterial potential of two plant medicinal extracts. Although the MIC values of the plant extracts against C. perfringens strains in the present study were somewhat higher than the MIC breakpoints for most antibiotics (ampicillin, erythromycin, tylosin, florfenicol, virginiamycin, and narasin) which are used as therapeutic agents in poultry [4, 10, 26] , these two extracts could be additives to prevent clostridial NE on poultry farms. In summary, F. rhynchophylla Hance and G. koreanum Kom. showed antibacterial potential against clostridial strains from poultry; thus, these two medicinal plants are expected to be used as a feed additive to prevent or treat NE in veterinary practice. For these medicinal herbal extracts, in-depth experimental studies are needed to find out their precise active components and evaluate their protective effect in NE model.
